Introduction
The anterior cruciate ligament (ACL) reconstruction is a common procedure, with an estimated 100 000 primary ACL reconstructions performed per year in the United States alone. 1, 2 The conventional arthroscopic transtibial ACL reconstruction technique is still the most frequently performed 3 ; however, osteoarthritic changes at midterm follow-up 4 and cases of pain or residual instability 5 are still observed. A recent meta-analysis has shown that no more than 60% of the patients make a full recovery after single-bundle ACL reconstruction. 6 There is clearly room for improvement, and we believe that the key to improvement is based on an anatomic ACL reconstruction. We have emphasized the importance of anatomy not only for ACL reconstruction surgery but for all orthopedic surgeries. 7 Our approach to surgery is based on four principles: anatomy, insertion sites, tension patterns, and individualized surgery. They also are the basis of the anatomic double-bundle ACL reconstruction concept. Our goals are to restore 80%-90% of the native ACL anatomy and to maintain a healthy knee in the long term. In this review, we described the concept of anatomic ACL reconstruction, which is based mainly on our studies at the University of Pittsburgh Medical Center.
Anatomy of ACL

Two functional bundles of the ACL
Although the exact anatomy of the ACL remains controversial, [8] [9] [10] it is widely accepted that it consists of two functionally distinct bundles: anteromedial (AM) and posterolateral (PL) bundles [11] [12] [13] [14] [15] (Fig. 1a) . Both bundles are evident during fetal development and persist throughout life. 16, 17 They can be distinguished by the various tension patterns during knee range of motion and also with oblique sagittal and oblique coronal planes of magnetic resonance imaging (MRI) 18, 19 ( Fig.1b) . The two bundles have different sizes and insertion areas, but they function synergistically to provide normal knee kinematics. 20 Tibial and femoral insertions of the ACL are more than 3.5 times larger when compared to the midsubstance; and tunnel placement becomes challenging as a consequence of the limited size of potential graft selection for tunnel site placement. 20 Throughout the range of motion, the ACL acts primarily as a restraint to anterior tibial translation. The AM bundle is taut throughout knee range of motion, reaching a maximum between 45° and 60° of knee fl exion, whereas the PL bundle is tight primarily in extension. 16 
Biomechanical role of each bundle
Biomechanical studies suggest that each of the two bundles (AM, PL) has a unique kinematic contribution to knee function.
14 Several robotic studies have been performed to investigate the biomechanical role of each bundle and have shown that neither of the individual bundles reproduced the mechanical properties of an intact ACL. 21, 22 It has also been shown that, in response to anterior tibial and combined rotatory loads, the PL bundle's in situ forces peak near full extension, whereas the AM bundle's in situ forces peak at 60° fl exion.
A single-bundle ACL reconstruction is successful in limiting anterior tibial translation but is insuffi cient in controlling a combined rotatory load of internal and valgus torque. 23 Yagi et al. 24 measured the in situ forces in response to an anterior tibial load and a combined rotatory load of internal rotation and valgus torque using a robotic/universal force moment sensor testing system and found that the in situ forces in doublebundle reconstructed knees more closely approximated that of an intact ACL than the single-bundle group. Tashman et al. reported that traditional single-bundle ACL reconstruction failed to restore normal rotational knee kinematics during dynamic, functional loading, and some degradation of graft function occurred over time. 25, 26 In addition, the double-bundle ACL reconstruction more closely restores the normal contact area and pressures in the tibiofemoral joint when compared to single-bundle ACL reconstruction. 27 Based on these fi ndings, we believe that doublebundle ACL reconstruction might be able to reduce the incidence of osteoarthritis in the long-term.
Bony landmarks on femur
On the femur, there are two bony landmarks that can be used to guide tunnel placement in an anatomical fashion. When the knee is fl exed at 90°, the lateral intercondylar ridge (also known as the "resident's ridge") is the superior limit of ACL, whereas the lateral bifurcate ridge separates the AM and PL femoral insertion sites. [28] [29] [30] Surgeons should carefully observe this bony anatomy to understand the two-bundle femoral attachment in each patient and perform individualized surgery. During ACL reconstruction, probing and removal of ACL remnants may be necessary to expose and appreciate the osseous contours of the ACL femoral attachment (Fig. 2) . 
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Tibial ACL insertion site anatomy
The ACL tibial insertion site is located in the area between the medial and lateral tibial spines. Because of the fanning of the ligament, the insertion site is larger than the midsubstance and femoral attachment of the ligament. 15 The insertion site is a broad oval area, approximately 11 mm diameter in the coronal plane and 17 mm in the sagittal plane. 12, 31 For localization of the tibial attachment of the ACL, two anatomical landmarks -the posterior cruciate ligament (PCL) and the lateral meniscus -have been used. Studies have suggested that the distance between the PCL and the tibial ACL attachment is approximately 7 mm, 32, 33 but this has been criticized by others 34 who believe that this would cause the tibial tunnel to be placed too posteriorly. We believe that the remnants of each of the two ACL bundles should be identifi ed and used as a guide for tunnel placement (Fig. 3) .
Four early concepts
We have been performing ACL reconstructions for two decades and in most cases have been successful. Nonetheless, we believe there is always room for improvement. As mentioned above, our fundamental principle of anatomic ACL reconstruction is to reproduce the native anatomy, and we believe that four well-known concepts hinder correct ACL positioning. These four concepts of traditional single-bundle ACL reconstruction have made the operation easier but eventuate in less successful fi nal results. 35 • Nonanatomical clock face reference. -The use of the clock face reference 36 during arthroscopy can make communication between surgeons easier but it can mislead the surgeons into positioning the tunnels in a nonanatomical position. As the notch geometry is a three-dimensional structure, the two-dimensional clock face reference is not adequate. This reference is based on the plane arthroscopic view and should be varied along with the knee fl exion angle and scope positioning. 7 We should also remember that the insertion sites of both bundles are oriented horizontally at 90° of knee fl exion but vertically at full extension (Fig. 4) , and the anterolateral and anteromedial portal views are not consistent. Also, at different knee fl exion angles the intercondylar notch has different appearances during arthroscopy and can also lead to a nonanatomical position. We believe that the "o'clock position" method is an imprecise way to describe the anatomical tunnel positions.
• Nonanatomical tunnel drilling -For a traditional arthroscopic transtibial single-bundle ACL reconstruction, the femoral tunnel is located higher in the notch than the native AM bundle footprint. This occurs when correct tunnel placement using transtibial drilling, with or without the offset drill, becomes diffi cult. The principle of reproducing anatomy has been neglected in this nonanatomical procedure (Fig. 5) . • Tunnel mismatch to avoid impingement -Many surgeons are concerned with ACL impingement to the PCL and to the roof of the intercondylar notch, and they often place the tunnel in a more posterior region, [37] [38] [39] close to the native PL bundle footprint. 34 Consequently, a tunnel mismatch is created from the PL tibial tunnel to a high AM femoral tunnel, resulting in a vertical graft. Although nonanatomical tunnel placement and notchplasty are performed to avoid roof impingement, abnormal biomechanics and nonphysiological kinematics are observed in this vertical ACL reconstruction pattern. 25, 40, 41 Also, biological healing of the mismatched reconstructed graft tunnel interface may be impaired. 42 We believe that the native ACL and the anatomical reconstructed graft does not cause any ACL impingement 29, 43 and that pathological graft impingement is caused only by nonanatomical tunnel placement.
• One-size fi ts-all surgery -Despite the large variations in ACL insertion site sizes and femoral condyle morphology among patients, a traditional singlebundle transtibial ACL reconstruction has long been considered the gold standard. This surgery is performed in the same manner for every case and results in a nonanatomical high AM femoral tunnel and a mismatched graft to the AM or PL tibial ACL insertion site. Tunnel diameter and graft size should be dictated by the native insertion sites; and anatomic double-bundle ACL reconstruction cannot always be performed. In patients with small native insertion sites, anatomic single-bundle ACL reconstruction is warranted. 44 The native insertion sites should be meticulously identifi ed and marked as it is important to individualize the surgery for each patient.
"Insertion site surgery" -anatomic ACL reconstruction
In this section we summarize the operative technique used at the University of Pittsburgh.
Arthroscopic evaluation
We routinely utilize three portals: lateral portal (LP), medial portal (MP), and accessory medial portal (AMP) 45 (Fig. 6 ). The scope is placed through the MP, and the AMP is used as the working portal. It is important to visualize the whole lateral wall of the intercondylar notch to identify the position of the ACL insertion site relative to the intercondylar notch.
After assessing the rupture pattern of the ACL, the femoral and tibial anatomical insertion sites of each native ACL bundle are marked with a thermal device, with care taken to preserve the border of the bundles for later reference. This is a critical step in identifying the correct placement of the tunnels and is performed prior to resection of any residual ACL tissue. In addition, the length and width of the AM and PL bundle insertion sites are measured using a simple ruler to be used as a reference when deciding about the tunnel diameters (Fig. 7) . During this step, the lateral intercondylar ridge and the lateral bifurcate ridge should be identifi ed as they are helpful landmarks for identifying the anatomical ACL insertion site.
Double-bundle ACL reconstruction
As a general rule, we tend to perform the double-bundle ACL reconstruction if the tibial insertion site is >14 mm and if the patient does not have a narrow notch, 46 multiligamentous injury, osteoarthritic changes, open growth plate, or severe bone bruise.
Tunnel drilling
The PL femoral tunnel is always drilled through the AM portal. At this time, the knee should be in maximum fl exion to avoid a short tunnel and blowout of the lateral condyle. The femoral AM tunnel drilling can be performed with three techniques: the transtibial-AM, transtibial-PL, and trans-AMP portal. The trans-tibial-AM technique rarely places the tunnel in anatomical position, whereas the transtibial-PL technique reaches the correct anatomical site in approximately 67% of our cases. If possible, we use this transtibial PL technique to make the AM femoral tunnel, as a longer femoral tunnel with a wider divergence from the PL tunnel can be achieved. In the cases in which a transtibial PL procedure cannot be performed, the femoral AM tunnel is drilled through the AMP portal.
The tibial tunnel is drilled using a drill guide at the center of each AM and PL insertion sites, which are meticulously identifi ed. Tibial tunnel drilling is usually performed after PL femoral tunnel drilling.
Graft fi xation Finally, the PL graft is passed fi rst, followed by the AM graft. Femoral fi xation is typically performed with an EndoButton. The PL graft is fi xed in full extension, whereas the AM graft is fi xed at 45° of knee fl exion to reproduce the physiological tension pattern. 21 Tibial fi xation is performed with a bioabsorbable interference screw; optionally, a staple can be used.
Anatomic single-bundle reconstruction
If the tibial insertion site is <14 mm or the patient has a narrow notch, multiple ligament injury, severe osteoarthritic changes, open growth plate, or a severe bone bruise, we consider single-bundle ACL reconstruction. In our practice, the single-bundle technique is used in approximately 30% of all ACL reconstructions. For anatomical single-bundle ACL reconstruction, both tibial and femoral tunnels are drilled in the middle of the AM and PL footprints (MID-MID reconstruction, the graft is positioned from tibial MID position to femoral MID position).
Tunnel drilling Tunnel placement is critical. We must make sure that the distance from the anterior border of the tibial ACL insertion site to the intended tibial tunnel position is equal to the distance from the posterior border of the femoral ACL insertion site to the intended femoral insertion site (Fig. 8) .
Graft selection In the United States, there are a variety of allografts available, such as tibialis anterior/posterior, Achilles tendon, bone-patellar tendon-bone (BPTB), and quadriceps tendon. In 60% of our cases allografts are used. For the remaining 40%, autograft from a variety of donor sites (hamstrings, quadriceps, BPTB) can be used. Recently, we have been using quadriceps tendon autograft with a bone plug for our double-bundle reconstruction (Fig. 9) . The graft is prepared into a Y-shape, and the bone plug is cut into a 10 × 20 mm cylindrical block, which should be inserted into the femoral tunnel. The tendinous portion is divided into two parts to better replicate the AM and PL bundles. In this case, the femoral tunnel is created in the middle portion of both bundles (MID position).
Clinical outcomes
Recent studies have suggested that anatomical doublebundle ACL reconstructions result in superior clinical outcomes. [47] [48] [49] [50] [51] Our group has also reported a good restoration of joint stability and patient-reported outcomes when evaluated 2 years after surgery. 52 To date, there are few well-designed clinical trials that compare double-bundle to single-bundle ACL reconstruction. In addition, differences are diffi cult to perceive; and one of the main reasons is that conventional outcome measurements still have several limitations. First, there is still no objective, accurate method to evaluate rotational laxity, and it is known that static laxity cannot predict functional ability. 53 Second, patient-oriented outcomes (International Knee Documentation Committee, SAS, Activities of Daily Living Survey) are not sensitive enough to differentiate subtle changes and are affected by the patient's activity level. Long-term clinical outcomes in addition to the current reliable techniques are warranted.
54
Conclusion
Anterior cruciate ligament anatomy is the basis for surgeries as well as for all basic science and clinical studies. The emphasis is on anatomic reconstruction, regardless of whether single-or double-bundle ACL reconstruction is undertaken. Our main goal is to restore 80%-90% of the native anatomy and maintain a healthy knee in the long term. 
